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LiMnTiO4 with the Na0.44MnO2 Structure as a Positive Electrode
for Lithium-Ion Batteries
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Cavendish Laboratory, Thomson Avenue, CB3 0HE, Cambridge, United Kingdom
A metastable polymorph of LiMnTiO4 with the Na0.44MnO2 structure has been synthesized via ion-exchange from its sodium
analogue, NaMnTiO4. The structure was determined from a combination of X-ray and Neutron Powder Diffraction data. LiMnTiO4
has the Pbam space group, with a = 9.074(5), b = 24.97(1) and c = 2.899(2) Å. The shapes and dimensions of the channels are
slightly modified as compared to NaMnTiO4 with displaced alkali metal positions and occupancies. LiMnTiO4 was cycled vs Li at
room temperature and up to 0.89 lithium ions can be reversibly inserted into the structure, with a discharge capacity of 137 mAh/g
after 20 cycles at C/20. At 60◦C all the lithium is removed at the end of the first charge at C/20, with subsequent cycles showing
reversible insertion of 1.06 Li-ions.
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Lithium-ion batteries are widely used in consumer electronics.
However, efficiency, rate capability, cost and safety are all still issues
which limit the current use of Li-ion batteries. The limiting compo-
nent in Li-ion batteries is the positive electrode and as such this has
been the focus of much research. One of the most promising posi-
tive electrodes is LiFePO4 which crystallizes in the olivine structure
with Li ions in one dimensional channels. LiFePO4 exhibits high ther-
mal stability, is environmentally benign and has good electrochemical
properties, reaching 90% of its theoretical capacity when coated with
carbon.1,2 However, its relatively low operating voltage of 3.3 V, and
its poor electronic conductivity leads to limitations when cycled at
high rates and makes it suitable for low power applications only.3
Despite these factors, there has been an increased interest in cath-
ode materials possessing one-dimensional channels due to the high
stability upon lithiation and delithiation demonstrated by LiFePO4.
One such material with one-dimensional channels is Na0.44MnO2.
Na0.44MnO2 is particularly interesting because of its large tunnels for
sodium intercalation/deintercalation4–10 which results in high capaci-
ties and rate performance. The structure of Na0.44MnO2 is comprised
of two and three leg chains of edge-sharing polyhedra which share
corners to form a three-dimensional network with two crystallographi-
cally distinct tunnels along the z axis, as shown in Figure 1. The transi-
tional metal oxide framework is complex having MO6/MO5 polyhedra
occupied by either Mn3+ or Mn4+ ions. This ordering is driven by the
Jahn-Teller distortions from the d4 Mn3+ cations present in the struc-
ture. The Na-ions occupy sites in both the smaller, one dimensional
(1D) and larger S-shaped channels with co-ordination to oxygen of 7
in the 1D channels and 6 and 7 in the S-shaped channels. The partial
occupancy of Na+ is reported to allow for the observed high capacities,
enhanced ionic conductivity and rate performance. The lithiated ana-
logue of Na0.44MnO2 has been reported to have outstanding cycling at
room temperature and 85◦C, delivering 80 to 95% of the theoretical
capacity, 131 mAh/g, with high rate discharge capabilities.11,12 A se-
ries of titanium-substituted Na0.44MnO2 and Li0.44MnO2 materials, in
which Ti4+ partially occupies MO6 polyhedra, have also been reported
as positive electrodes for sodium and lithium-ion batteries.10 Doping
with titanium increases the unit cell size and in the case of lithiated
materials, raises the potential of lithium intercalation/deintercalation13
and leads to higher capacities. For instance, LixTi0.22Mn0.78O2 is re-
ported to deliver about 10–20% more capacity than LixMnO2.14 The
spinel polymorph of LiMnTiO4 has also previously been studied as
an electrode for Li-ion batteries.15 It was found to be an excellent
candidate as cathode for Li-ion batteries inserting up to 2 Li atoms
within its structure and reaching discharge capacities of 290 mAh/g
at a C/40 rate with excellent cyclability.
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In this study, we investigate metastable LiMnTiO4, a titanium-
substituted Li0.44MnO2 with a 1:1:1 ratio between lithium, manganese
and titanium. The crystal structure of metastable LiMnTiO4 is deter-
mined by X-ray and neutron powder diffractions. Changes in the shape
of the one-dimensional and S-shaped channels in the Li-substituted
analogue are observed, however we find that it is possible to reversibly
intercalate more than one equivalent Li-ions over multiple cycles.
Experimental
A polycrystalline sample of NaMnTiO4 was synthesized by mix-
ing stoichiometric amounts of sodium carbonate (Na2CO3, Alfa Ae-
sar. 99.99%), titanium oxide (TiO2, Alfa Aesar. 99.99%) and man-
ganese oxalate dihydrate (MnC2O4.2H2O. Alfa Aesar). The sample
was heated in air at 800◦C for 12 h and 1050◦C for 72 h with interme-
diate regrinding. LiMnTiO4 was obtained via ion exchange by heating
NaMnTiO4 in a 10-fold molar excess of lithium nitrate (LiNO3, Alfa
Aesar. 99.98%) at 300◦C for 5 h. The lithiated sample was washed
with water to remove the remaining salt and dried at 60◦C.
Thermogravimetry (TGA) and differential scanning calorimetry
(DSC) were performed on metastable LiMnTiO4 using a Mettler
Figure 1. Polyhedral representation of the crystal structure of LiMnTiO4
viewed down the c axis. The original Na sites are also shown.
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Toledo TGA/DSC 2 STARe System. The sample (mass = 11 mg)
was heated in nitrogen from 50 to 900◦C at 5◦C/min.
Room temperature powder X-ray diffraction (XRD) data were
collected using Cu Kα radiation (λ = 1.5418 Å) on a Panalytical
Empyrean diffractometer. The data were collected in step scanning
mode with 2θ = 0.02◦, over the angular range of 10 ≤ 2θ ≤ 120◦.
Time-of-flight powder neutron diffraction (PND) data were collected
at room temperature on the General Materials Diffractometer (GEM)
at the ISIS pulsed spallation neutron source, Rutherford Appleton
Laboratory, UK, on approximately 1 g of each sample. Rietveld
analysis16 was performed with the FullProf suite of programmes17
using a pseudo-Voigt profile function and a refined linear interpola-
tion of points to model the background model.
The chemical composition was determined using inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) using a Thermo
Scientific iCAP 7400 duo ICP-OES. Energy-dispersive X-ray spec-
troscopy (EDS) was performed with a scanning electron microscope
(FEI sFEG XL30).
The electrochemical properties of LiMnTiO4 were investigated
using an Arbin BT2000 potentiostat. The cell consisted of the working
positive electrode, a 1M LiPF6 in EC:DMC solution as electrolyte and
a lithium anode. The LiMnTiO4 positive electrode was ball milled and
mixed with Carbon Super P (Alfa Aesar) in the weight ratio 75:25.
Batteries were cycled at both room temperature and 60◦C, between
1.5 and 4.6 V.
Results and Discussion
Structure.— X-ray analysis indicated the formation of phase pure
samples of NaMnTiO4 and LiMnTiO4 with the Na0.44MnO2 structure.
The Na0.44MnO2 structure is retained in the LiMnTiO4 formed during
the ion-exchange reaction, however the lattice parameters obtained
from powder X-ray diffraction show a large contraction of 1.85 and
5.7% along the a and b axis respectively with no significant change in
the c lattice parameter with a 0.2% expansion.
TGA/DSC shows that LiMnTiO4 is unstable on heating in nitrogen.
It is clear that the material decomposes above 450◦C, however the
absence of a clear exo peak makes full interpretation of the results
difficult (Figure 2). XRD of the final product (Figure 2, inset) shows
that all of the original Na0.44MnO2 structure has decomposed. Two
different spinel phases, a Mn rich phase, LiMn1.8Ti0.2O4, and a Mn
deficient phase, Li0.75Mn0.25Ti2O4 are observed. The continuous mass
loss at high T suggests that there is also loss of Li on heating. Heating
LiMnTiO4 in air led to the same results as in nitrogen.
Figure 2. Mass loss and heat flow on heating LiMnTiO4 for 900 ◦C in air.
The XRD of the material after the DSC experiment is inset. Experimental
data are displayed as red dots, positions of allowed reflection positions for
LiMn1.8Ti0.2O4 and Li0.75Mn0.25Ti2O4 are given by vertical purple and green
ticks respectively, calculated intensity from the profileless pattern fit is shown
in black and the difference curve in blue.
Table I. Composition of NaMnTiO4 and LiMnTiO4 using ICP and
EDS measurements. Molar ratios are set so the Mn content is 1.
ICP EDS
Element NaMnTiO4 LiMnTiO4 NaMnTiO4 LiMnTiO4
Na -∗ -∗ 1.00(3) 0
Li 0 0.947(3) - -
Mn 1.000(3) 1.000(3) 1.00(3) 1.00(3)
Ti 0.948(3) 0.945(3) 1.03(3) 1.03(3)
O - - 4.00(12) 4.00(12)
∗Na content not possible to determine using ICP due to a large Na
background from Na in the glassware.
Chemical analysis using ICP-OES and EDS measurements
(Table I) confirmed formation of NaMnTiO4, with no change in alkali-
metal content during the ion-exchange reaction to form LiMnTiO4.
The one to one ratio between lithium and the transition metals is in con-
trast with what has previously been reported for titanium-substituted
Li0.44MnO2 materials, which are lithium deficient.14 We postulate that
this is due to the higher temperatures used in our ion-exchange re-
action, allowing for higher Li-ion mobility and an increase in the Li
content.
Further details of the crystal structure were obtained using neutron
powder diffraction. In the case of NaMnTiO4 the previously reported
Figure 3. XRD patterns of (a) NaMnTiO4 and (b) LiMnTiO4. Experimental
data are displayed as red dots, vertical green ticks indicate the position of
allowed reflections, the calculated intensity is shown in black and the difference
curve in blue.
Figure 4. Neutron powder diffraction patterns of (a) NaMnTiO4 and (b)
LiMnTiO4. Experimental data are displayed as red dots, allowed reflections
are shown by vertical green ticks, the calculated intensity is shown by a black
line and difference curve by a blue line.
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Table II. Parameters for NaMnTiO4 and LiMnTiO4 obtained from
neutron powder diffraction refinement.
NaMnTiO4 LiMnTiO4
Space group Pbam, Z = 4
Rwp 8.40 10.3
χ2 2.19 4.42
a (Å) 9.2449(4) 9.074(5)
b (Å) 26.4657(8) 24.97(1)
c (Å) 2.89240(8) 2.899(2)
V (Å3) 707.69(4) 657.0(6)
Na1/Li1 x 0.205(2) 0.043(4)
4g y 0.2047(6) 0.232(6)
x,y,0 β11 (8 π2Å) 0.007(2) −0.0063(14)
β22 (8 π2Å) 0.0015(3) 0.036(10)
β33 (8 π2Å) 0.15(2) 0.24(12)
Na2/Li2 x 0.215(3) 0.187(4)
4h y 0.424 (3) 0.418(2)
x,y,1/2 β11 (8 π2Å) −0.004(2) −0.0006(4)
β22 (8 π2Å) 0.016(2) 0.0004(5)
β33 (8 π2Å) 0.258(63) 0.4(8)
Occupancy 0.65 1
Na3/Li3 x 0.128(2) 0.080
4g y 0.004(8) 0.0071(14)
x,y,0 Biso (Å2) 1.9(4) -
β11 (8 π2Å) - −0.006(5)
β22 (8 π2Å) - −0.001(1)
β33 (8 π2Å) - 0.8(4)
Occupancy 0.65 0.25
Mn1/Ti1 Biso (Å2) 0.0 0.7(4)
2c Occupancy 0.1/0.9 0.1/0.9
0,1/2,0 Mn/Ti
Mn2/Ti2 x 0.3565(11) 0.3131(14)
4h y 0.3045(4) 0.3126(5)
x,y,1/2 Biso (Å2) 0.6(2) 0
Occupancy Mn/Ti 0.1/0.9 0.1/0.9
Mn3/Ti3 x 0.0145(13) −0.0214(14)
4g y 0.1096(4) 0.1011(5)
x,y,0 Biso (Å2) 0.9(2) 0
Occupancy Mn/Ti 0.1/0.9 0.1/0.9
Mn4 x 0.0350(11) −0.0230(13)
4g y 0.3046(4) 0.3118(5)
x,y,0 Biso(Å2) 0.9(2) 0.2(2)
Mn5 x 0.3630(12) 0.333(2)
4h y 0.0889(5) 0.0796(7)
x,y,1/2 Biso (Å2) 1.0(2) -
β11 (8 π2Å) - 0.020(3)
β22 (8 π2Å) - 0.0024(4)
β33 (8 π2Å) - −0.013(8)
O1 x 0.3632(7) 0.3544(9)
4h y 0.0064(2) 0.0041(4)
x,y,1/2 Biso (Å2) 0.9(2) 0.5(2)
O2 x 0.2241(7) 0.1826(9)
4g y 0.0935(2) 0.0787(3)
x,y,0 Biso (Å2) 0.51(10) 0.9(2)
O3 x 0.0462(6) 0.0162(9)
4h y 0.1602(3) 0.1555(4)
x,y,1/2 Biso (Å2) 0.54(11) 0.9(2)
O4 x 0.4212(6) 0.3572(9)
4h y 0.1624(3) 0.1661(4)
x,y,1/2 Biso (Å2) 1.16(14) 1.2(2)
O5 x 0.1575(8) 0.105(9)
4h y 0.2840(3) 0.2904(3)
x,y,1/2 Biso (Å2) 1.14(14) 0.6(2)
O6 x 0.4096(7) 0.3624(12)
4g y 0.2618(2) 0.2638(4)
Table II. (Continued.)
NaMnTiO4 LiMnTiO4
x,y,0 Biso (Å2) 0.70(11) 0.77(14)
O7 x 0.320(7) 0.282(9)
4g y 0.3547(3) 0.3656(3)
x,y,0 Biso (Å2) 0.76(11) 0.8(2)
O8 x 0.5000(7) 0.4887(11)
4g y 0.0738(3) 0.0773(3)
x,y,0 Biso (Å2) 0.91(13) 1.1(2)
O9 x 0.4700(7) 0.4337(8)
4h y 0.4352(3) 0.4456(4)
x,y,1/2 Biso (Å2) 1.33(14) 0.7(2)
structural model of Na4Mn4Ti5O1818 was used as a starting point for
the refinement. The additional sodium was included on the partially
occupied Na2 and Na3 sites in the S-shaped channels and the occu-
pancy of these sites was allowed to vary in the final structural model.
This model gave good agreement with both the NPD and XRD data,
however a large thermal coefficient, Biso, was observed and so the
Na1 and Na2 positions are modelled using anisotropic thermal pa-
rameters. The large value of β33 indicated a large degree disorder
and/or Na mobility in both the 1D and S-shaped channels.
Table III. Alkali Metal-oxygen and Metal-oxygen bond lengths in
NaMnTiO4 and LiMnTiO4 obtained from NPD refinement.
Bond length in Bond length in
Metal - O bond NaMnTiO4 (Å) LiMnTiO4 (Å)
Mn1/Ti1 – O1 1.929(4) (×4) 1.964(6) (×4)
Mn1/Ti1 – O8 1.953(8) (×2) 1.933(8) (×2)
<Mn1/Ti1 – O> 1.937 1.954
Mn2/Ti2 – O3 1.987(12) 2.01(2)
Mn2/Ti2 – O5 1.918(13) 1.97(2)
Mn2/Ti2 – O6 1.900(8) (×2) 1.946(11) (×2)
Mn2/Ti2 – O7 1.993(9) (×2) 1.983(10) (×2)
<Mn2/Ti2 – O> 1.949 1.972
Mn3/Ti3 – O2 1.993(14) 1.93(2)
Mn3/Ti3 – O3 1.994(9) (×2) 2.015(11) (×2)
Mn3/Ti3 – O7 2.027(14) 1.97(2)
Mn3/Ti3 – O9 1.914(9) (×2) 1.904(10) (×2)
<Mn3/Ti3 – O> 1.973 1.957
Mn4 – O4 1.990(8) (×2) 1.894(10) (×2)
Mn4 – O5 1.916(9) (×2) 1.935(10) (×2)
Mn4 – O6 2.106(12) 2.16(2)
<Mn4 – O> 1.984 1.963
Mn5 – O1 2.183(14) 1.89(2)
Mn5 – O2 1.937(9) (×2) 1.991(14) (×2)
Mn5 – O4 2.019(15) 2.17(2)
Mn5 – O8 1.959(9) (×2) 2.02(2) (×2)
<Mn5 – O> 1.999 2.016
A1 – O3 2.38(1) (×2) 2.41(12) (×2)
A1 – O4 2.71(1) (×2) -
A1 – O5 2.59(2) (×2) 2.13(10) (×2)
A1 – O6 2.42(2) 1.64(4)
<A1 – O> 2.54 2.14
A2 – O1 2.30(8) 2.17(4)
A2 – O7 2.53(6) (×2) 2.14(3) (×2)
A2 – O8 2.47(2) (×2) 2.31(3) (×2)
A2 – O9 2.37(3) 2.34(4)
<A2 – O> 2.45 2.24
A3 – O1 2.61(2) (×2) -
A3 – O2 2.54(2) 2.02(3)
A3 – O9 2.49(2) (×2) 2.12(3) (×2)
A3 – O9 2.62(2) (×2) 2.29(2) (×2)
<A3 – O> 2.56 2.37
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Figure 5. Charge-discharge curves of LiMnTiO4/Li cell cycled between 1.5
and 4.6 V at room temperature and C/20 rate.
For the Li-containing sample the structural model obtained from
NaMnTiO4 was used as a starting point for the refinement. This model
described the transition-metal oxide framework and the Li-ions in the
S-shaped channels well but did not satisfactorily model the Li1 site
in the 1D-channels. Displacement of Li1 from the centre of the 1D
channels along the x-axis allowed for shorter, Li-O bonds and reduced
the atomic displacement parameters. As in the case of NaMnTiO4, the
atomic displacement parameters for the Li-ions in the channels are
large along the z-axis, suggesting disorder and/or ionic motion.
The structure of LiMnTiO4 is similar to that of NaMnTiO4 however
the anisotropic change in the lattice parameters results in some changes
to the crystal structure. As would be expected the change is in the
connectivity of the transition-metal oxide framework and the alkali-
metal sites in the channels rather than in the individual transition-metal
oxygen polyhedra. These changes can be seen in the deformation of the
shape of the S-shaped channels which are compressed along their long
axis in the Li-containing analogue. When compared to NaMnTiO4 the
long axis as described by the O4-O4 distance (Figure 1, red dotted
line) increases by 4%, whereas the short axis, as described by the
O2-O2 distance (Figure 1, black dotted line), decreases by 20%. A
similar change in the geometry of the 1D-channels is observed; we
find a compression of 6% along the a-axis as parameterized by the
O4-O6 distance (Figure 1, orange dotted line) and expansion along
the b-axis of 5% as described by the O5-O2 distance (Figure 1, violet
dotted line). The changes in the geometry of the channels, impacts
the positions of the alkali metal ions in the channels. In LiMnTiO4
this can be seen by the displacement of Li away from the centre of
the channels toward the edges and a change in the occupancy of the
two sites in the S-shaped channels. As would be expected for Li+, this
allows for shorter Li-O bonds and a reduced co-ordination to oxygen
which couldn’t be precisely determined because of the high degree of
disorder.
Electrochemistry.— The galvanostatic charge/discharge over mul-
tiple cycles of LiMnTiO4 in an electrochemical half-cell cycled at
room temperature and a rate of C/20 are depicted in Figure 5. The ob-
served first charge capacity is ∼89 mAh/g and the following discharge
capacity is about 170 mAh/g. This corresponds to the formation of
Li0.42MnTiO4 and Li1.53MnTiO4 at the end of the first charge and dis-
charge respectively. Subsequent charges/discharges have a reversible
capacity of ∼137 mAh/g, equivalent to the removal/insertion of 0.89
Li-ions. This is similar to what is observed in Na-ion batteries where
titanium-substituted Na0.44MnO2 contains 0.66 Na atoms at the end
of discharge.10 On both charge and discharge a continuous change,
with no clear features in the voltage is observed. This is similar to
titanium-substituted Na0.44MnO2 where the absence of clear voltage
Figure 6. Room temperature discharge capacities of LiMnTiO4 cycled be-
tween 1.5 and 4.6 V at C/20, C/5 and 1C rates.
plateaus has been ascribed to disorder between the Mn and Ti ions
suppressing Na vacancy ordering.
The stability of LiMnTiO4 to Li intercalation/deintercalation is
demonstrated by the retention of the structure after it has been cycled
15 times at C/100. Profileless pattern fits19 to the ex-situ XRD at the
end of the 15th charge (Figure 8) show retention of the LiMnTiO4
phase. The changes to the lattice parameters, a = 9.0386(6) Å, b =
24.605(2) Å, c = 2.8772(3) Å show that the structure contracts in all
directions as Li ions are removed.
At higher rates similar electrochemical behavior is observed (Fig-
ure 6), however the capacities obtained are reduced by 28 and 43%
at C/5 and C rates respectively. These results indicate that either the
ionic or electronic conductivity limits the rate performance. It has been
reported in the literature that larger capacities are reached when oper-
ating at higher voltages.13 The capacities obtained in the current study
may therefore be limited by the voltage range of the experiments.
When cycled at 60◦C at a C/20 rate (Figure 7), LiMnTiO4 has
a first charge capacity of 151 mAh/g. Assuming that no other pro-
cesses contribute to the overall capacity, this corresponds to the forma-
tion of Li0.02MnTiO4 and represents 98% of the theoretical capacity.
The first discharge reaches a capacity of 230 mAh/g, correspond-
ing to the formation of Li1.51MnTiO4. Subsequent charges/discharges
have a reversible capacity of ∼164 mAh/g, corresponding to the re-
moval/insertion of 1.06 Li-ions. This confirms the previously reported
electrochemistry suggesting higher capacities for LiMnTiO4 at higher
Figure 7. Charge-discharge curves of LiMnTiO4/Li cell cycled at a C/20 rate
between 1.5 and 4.6 V at both room temperature and 60◦C.
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Figure 8. Ex-situ XRD at the end of the 15th charge. Experimental data are
displayed in red dots, reflection positions in vertical green ticks, calculated Le
Bail curve in black and difference curve in blue. Discharge-charge curves of
a LiMnTiO4/Li cell cycled between 1.5 and 4.6 V at room temperature and
C/100 rate is inset, the red dot indicates the point at which the ex-situ XRD
was measured.
temperatures14 and confirms that kinetics and cell configuration limit
the performance at room temperature.
Conclusions
LiMnTiO4 with the Na0.44MnO2 structure was successfully syn-
thesized with a one to one ratio between lithium, manganese and
titanium. A combination of X-ray and Neutron powder diffraction
were used to obtain the crystal structure. The electrochemical prop-
erties of LiMnTiO4 at room temperature are reported with discharge
capacities of ∼137 mAh/g at C/20 after 20 cycles. Some capacity is
retained in electrochemical tests at higher cycling rates, ∼100 and
80 mAh/g at C/5 and C respectively. At 60◦C, LiMnTiO4 is fully
delithiated at the end of first charge, confirming the one to one ratio
between lithium and the transition metals. Discharge capacities of
164 mAh/g are observed after 20 cycles at 60◦C, indicating that the
electronic and/or ionic conductivity limits the performance at room
temperature.
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